Low volume ventilation with permissive hypercapnia is becoming widely used in the treatment of acute respiratory distress syndrome. A mathematical model was developed to examine the effects of hypoventilation on pulmonary gas exchange in lungs with a range of shunt fractions. Hypoventilation did not worsen gas exchange, provided the inspired oxygen concentration was high enough to maintain P 2 O A at an adequate level. In lungs with a high shunt fraction, some improvement in gas exchange may result, but these effects are small. A rightwards shift of the oxygenhaemoglobin dissociation curve induced by hypercapnia, is likely to be beneficial rather than detrimental in patients with acute respiratory distress syndrome. This analysis was limited to the direct effects of hypoventilation in lungs with constant shunt fractions, and did not encompass a number of possible secondary effects such as changes in cardiac output with P 2 CO a , changes in shunt fraction associated with a reduction in mean airway pressure and possible direct effects of hypercapnia on the pulmonary vasculature or airways. (Br.
at an adequate level. In lungs with a high shunt fraction, some improvement in gas exchange may result, but these effects are small. A rightwards shift of the oxygenhaemoglobin dissociation curve induced by hypercapnia, is likely to be beneficial rather than detrimental in patients with acute respiratory distress syndrome. This analysis was limited to the direct effects of hypoventilation in lungs with constant shunt fractions, and did not encompass a number of possible secondary effects such as changes in cardiac output with P 2 CO a , changes in shunt fraction associated with a reduction in mean airway pressure and possible direct effects of hypercapnia on the pulmonary vasculature or airways. (Br. J. Anaesth. 1996; 77: 678-683)
Animal models have suggested that orthodox mechanical ventilation during acute respiratory distress syndrome (ARDS), with high peak inspiratory pressures, may result in additional lung injury and possibly remote organ dysfunction. Low volume ventilation with permissive hypercapnia may avoid this ventilator-induced lung injury. 1 However, it has been suggested that the rightward shift of the oxygen-haemoglobin dissociation curve caused by hypercapnia may be detrimental in ARDS, as arterial oxygen content may be reduced more than venous oxygen unloading is facilitated. 2 A theoretical mathematical model was developed to investigate the effects of hypercapnia on pulmonary gas exchange in lungs with high levels of intrapulmonary shunt.
Methods

GENERAL DESCRIPTION
The aim of the model was to describe the effect of hypoventilation on steady state pulmonary gas exchange in lungs with varying degrees of intrapulmonary shunt. The lung was modelled as consisting of two compartments (see fig. 1 ). One compartment was perfused by mixed venous blood and not ventilated; the other compartment was both perfused and ventilated. It was assumed that the partial pressures of oxygen and carbon dioxide in blood leaving the ventilated lung unit had equilibrated with the lung unit, and that metabolic oxygen consumption and carbon dioxide production by the lung tissue were negligible. The peripheral tissues were modelled as a single compartment, with oxygen consumption and carbon dioxide production determined by the model. Tissue metabolism was modelled in two different ways. In the "constant metabolism" version of the model, was maintained constant as might occur when tissue utilization of oxygen is limited by oxygen delivery, and the respiratory quotient was maintained constant at 0.8.
Pulmonary gas exchange was examined by calculating alveolar, arterial and mixed venous partial pressures and contents of oxygen and carbon dioxide for a range of input variables. were studied (see appendix 2). The programs performing these analyses were written using Think Pascal (Symantec) and run on a Macintosh Centris.
Results
CONSTANT METABOLISM MODEL
The effect on oxygen carriage, of increasing 2 CO a P when other input variables are held constant, is shown in figure 2 . As fig. 4) . 
Discussion
It has been suggested that a rightward shift of the dissociation curve may be detrimental in ARDS, because reduction of arterial oxygen content may more than offset the amount by which venous oxygen unloading is facilitated.
2 In a pig model of hypoxaemia caused by low inspired oxygen concentration, and hypercapnia produced by high inspired carbon dioxide concentration, arterial oxygen content was increased and mortality reduced when acidosis was partially corrected by buffering. It was postulated that buffering had reduced the right shift of the dissociation curve thus improving pulmonary oxygen uptake. 2 In rats breathing air at reduced atmospheric pressure, survival was improved with a left-shifted oxygen dissociation curve. 4 A theoretical study suggested that a left shift of the oxygen dissociation curve may improve exercise tolerance at high altitude, if diffusion limitation of oxygen uptake is present. 5 However, these studies examined the response to alteration in P 50 with hypoxaemia caused by low provided that the inspired oxygen concentration is sufficiently high. Under these conditions, blood leaving the ventilated lung compartment is fully saturated, and arterial oxygen content is determined by the shunt fraction and venous oxygen content. The effect of a right-shifted dissociation curve is then to increase allows greater oxygen uptake into hypoxic tissues, this could theoretically increase tissue oxygen utilization, and the model predicts that potentially important increases could result. Our model suggests that reversing the rightwards shift of the dissociation curve by buffering may be detrimental to gas exchange.
In reality the situation is more complex, and several of the variables which were assumed to remain constant in this model may alter in patients with ARDS during low volume ventilation with permissive hypercapnia. Alterations in cardiac output affect gas exchange. Acute hypercapnia depresses the contractility of isolated myocardium, 6 although this is compensated rapidly during sustained hypercapnia, as a result of correction of intracellular acidosis. 7 In vivo, decreased contractility is offset by increased sympathetic stimulation, and cardiac output increases. 8 Recent studies of patients with ARDS have found that cardiac output increased in all patients during low volume ventilation with permissive hypercapnia.
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The shunt fraction may also be affected by several factors during low volume ventilation with permissive hypercapnia, including changes in mean airway pressure, 12 changes in cardiac output 13 14 and direct or autonomically mediated effects on the pulmonary vasculature or the airways.
Our model assumes that either oxygen consumption or carbon dioxide production is constant or limited by the lowest at which tissues can extract oxygen, but it is likely that acute hypercapnia has important metabolic effects. The resulting intracellular acidosis alters the activity of several enzymes, for example phosphofructokinase. Conversely, increased sympathetic activity and increased endogenous catecholamine concentrations may increase metabolic rate and 2 O .
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• Buffering may be detrimental to gas exchange by reversing the rightwards shift of the dissociation curve and by inhibiting the potentiation of hypoxic pulmonary vasoconstriction caused by acidosis. 15 The metabolic compensation that occurs during prolonged hypercapnia shifts the curve to the left and worsens gas exchange.
Several studies have demonstrated that in patients with ARDS, hypoxaemia appears to be predominantly a result of intrapulmonary shunt, 9 16 and therefore the findings of this study should be applicable to such patients. However, there is some variability in the proportion of intrapulmonary shunt and 18 Thus the physiological consequences and interactions after the reduction of ventilatory support and onset of hypercapnia are extremely complex, and may vary substantially between patients. Further studies of the effects of hypercapnia are needed. However, this study suggests that the effect of the right-shifted dissociation curve per se in patients with ARDS is likely to be beneficial rather than detrimental. 
Appendix 1
MODEL EQUATIONS
In the "constant - 
